In Brief
The center of the ''silent face'' on the HIV-1 envelope is shielded by glycans and has been devoid of antibody recognition. Zhou et al. identify the antibody VRC-PG05, which binds a glycan-dominated epitope at the silent face center and completes antibody recognition of all major exposed regions of the envelope trimer.
INTRODUCTION
The HIV-1 envelope (Env) trimer evades antibody recognition through high sequence variation and extraordinary glycosylation (Starcich et al., 1986; Wyatt et al., 1998) , with a dense coating of N-linked glycan forming an evolving shield Lee et al., 2016; Stewart-Jones et al., 2016; Wei et al., 2003) that impedes antibody recognition. One of the most glycosylated regions on the HIV-1 Env trimer is located on the outer domain of gp120 . This region has been called the ''silent face'' . While neutralizing antibodies have been identified that bind to the silent face periphery, antibodies have not been reported to recognize the silent face center. Genetic analysis, however, indicates the silent face to be under immune pressure, as indicated by a high ratio of non-synonymous versus synonymous mutations for residues located in this face (Stewart et al., 1999 (Stewart et al., , 2001 . It has been unclear whether neutralizing antibodies could target the center of the silent face, and if they were to exist, what characteristics would define them. It has also been unclear how HIV-1 would evade such silent facetargeting antibodies.
In general, immune recognition of N-linked glycans on viral glycoproteins is complicated by issues of self recognition. As viral N-linked glycans are produced by host cellular machinery, similar glycans occur on self-proteins: antibody recognition of a single N-linked glycan would thus lead to self-recognition. Immune mechanisms for overcoming such self-recognition involve antibody binding to a glycopeptide epitope, where the N-linked glycan is co-recognized in the context of a viral glycopeptide (Blattner et al., 2014; Kong et al., 2013; McLellan et al., 2011; Pejchal et al., 2011) ; alternatively, an antibody can recognize a cluster of N-linked glycans, where the cluster is unique to the viral antigen (Calarese et al., 2003; Sanders et al., 2002; Scanlan et al., 2002) .
Here we investigated antibodies from the International AIDS Vaccine Initiative (IAVI) Protocol G donor #74 (Walker et al., 2010) and identified an antibody, which we named VRC-PG05, that did not compete with other known antibodies. We mapped its neutralization, determined its structure in complex with HIV-1 gp120, analyzed the development of its glycan recognition, and characterized determinants of VRC-PG05 resistance in donor #74. VRC-PG05 employed both glycopeptide recognition and glycan-cluster recognition to recognize an epitope at the center of the HIV-1 Env silent face. Overall, the results showed how antibody can bind to the center of the densely glycosylated HIV-1 silent face to complete recognition by neutralizing antibody of all major exposed surfaces on the prefusion-closed HIV-1 Env trimer.
RESULTS

Probe-Identified Antibody VRC-PG05 Recognizes an Uncommon Epitope Distinct from Known Neutralizing Antibodies
We previously developed a CD4-binding site probe, named RSC3, comprising the HXB2-stabilized core gp120 for which most of the probe surface had been altered, except for the CD4-binding site , and we previously used this probe along with its negative partner probe, DRSC3, which contained a deletion of residue 371 in the CD4-binding site, to sort antigen-specific B cells, compromising about 0.13% of immunoglobulin G (IgG) + B cells, from IAVI-donor #74 and to identify the broadly neutralizing antibody VRC-PG04 and a somatic variant VRC-PG04b (Wu et al., 2011) . Both VRC-PG04 and 04b are members of the VRC01-class of broadly neutralizing antibodies that targets the site of CD4-receptor binding (Kwong and Mascola, 2012; Wu et al., 2010 Wu et al., , 2011 Zhou et al., 2010 Zhou et al., , 2013 . To further characterize the B cell response in IAVI-donor #74 to HIV-1 infection, we amplified and cloned additional antibodies from IAVI-donor #74 B cells that preferentially bound to RSC3 over DRSC3 ( Figure 1A ) and identified a new antibody, which we named VRC-PG05.
Genetic analysis of VRC-PG05 indicated gene alleles IGHV3-7*01 and IGKV4-1*01 as origin heavy and light chain germline V-genes (Table S1 ), confirming a different lineage from VRC-PG04. Based on these V-gene assignments, the degree of VRC-PG05 somatic hypermutation (SHM) was 9% for IGHV and 6% for IGKV, about a third of the SHM level of VRC-PG04. Based on Kabat definition (Kabat et al., 1991) , the lengths of the 3 rd complementary determining region (CDR3) of VRC-PG05 were 17 amino acids for heavy chain and 8 amino acids for light chain, which are close to average for the human antibody repertoire (He et al., 2014) . Because RSC3 and DRSC3 were designed to identify antibodies against the CD4-binding site, we tested VRC-PG05 by a competition ELISA against CD4-Ig and known CD4-binding site-directed antibodies such as VRC01, VRC-PG04, b12, and HJ16 as well as other gp120-directed antibodies such as 2G12, 2.2C, 211C, and HVA14.5. Neither CD4-Ig nor any of the tested antibodies including those directed to the CD4-binding site competed with VRC-PG05 ( Figure 1B) , even though VRC-PG05 showed differential binding to RSC3 and DRSC3 ( Figure S1A ).
We tested VRC-PG05 for neutralization against a panel of 208 HIV-1 Env-pseudoviruses representative of all major circulating clades of HIV-1. VRC-PG05 neutralized 27% of the tested strains, with an IC 50 geometric mean titer (GMT) of 0.8 mg/mL ( Figure 1C and Table S2 ). Among the HIV-1 clades tested, VRC-PG05 neutralized clade AE strains best, with 16 of 23 strains neutralized. We tested 12 additional clade AE strains (Montefiori et al., 2012; Tartaglia et al., 2016) , 4 of which were neutralized by VRC-PG05; altogether VRC-PG05 neutralized the 35 tested clade AE viruses with 57% breadth (Table S3) . Although VRC-PG05 did not neutralize as broadly as VRC-PG04, which neutralized 80% of the 208-virus panel, combining VRC-PG05 and VRC-PG04 would improve neutralization coverage to 85%, as calculated based on the individual antibody neutralization data ( Figure S1B ). Analysis of the neutralization fingerprint of VRC-PG05 with other known HIV-1 broadly neutralizing antibody references indicated a separate neutralization group ( Figure 1D ).
Though less predominant than VRC-PG04, antibody VRC-PG05 likely contributes to donor IAVI #74 plasma activity, as suggested by the neutralization ID50s of donor plasma on two VRC-PG04-resistant yet VRC-PG05-sensitive strains (DU422.1 and AC10.29) and lack of plasma neutralization on THRO.18, which is resistant to both VRC-PG04 and VRC-PG05 ( Figure S1C ). Using neutralization-based fingerprint analysis to map antibody specificities in plasma, we identified in donor IAVI #74 VRC01-like (0.50 component specificity, i.e., VRC-PG04), and to a lesser extent HJ16-like (0.21) and 35O22-like (0.16) specificities ( Figure S1D ). Neutralization with VRC-PG05 specificity was detected, but at a level (0.13) substantially below the cutoff we normally use (0.25). VRC-PG05 specificity was also detected with low signal (0.06-0.12) in 4 other donors out of 38 analyzed from a CHAVI cohort . Altogether both neutralization and binding analyses indicated VRC-PG05 to be uncommon and to recognize a site of HIV-1 vulnerability on Env distinct from other reported neutralizing antibodies.
VRC-PG05 Binds a Glycan Cluster, with Limited Recognition of Polypeptide
To provide an initial image of VRC-PG05 recognition of HIV-1 Env, we used Lys-C to proteolytically produce the antigenbinding fragment (Fab) and performed negative-stain electron microscopy (EM) for the ternary complex of Fab VRC-PG05, HIV-1 clade C ZM109 gp120 core, and two-domain soluble CD4. Reference-free 2D classification revealed a Fab-shaped component recognizing gp120, but at a face opposite that recognized by CD4 ( Figure S2 ).
To provide atomic-level details of the mode of VRC-PG05 recognition, we produced core gp120s from five strains of HIV-1 that were highly sensitive to VRC-PG05 neutralization.
These cores were expressed in GNTI À cells, complexed with Fab VRC-PG05, and subjected to limited endoglycosidase H (Endo-H) digestion ( Figure S3A ). We obtained crystals of Fab VRC-PG05 in complex with a gp120 core derived from the highly sensitive strain CNE55. Diffraction data extended to 2.38 Å resolution, and we determined the structure by molecular replacement and refined to R crystal /R free of 19.1%/23.0% (Table S4 ). The co-crystal structure of Fab VRC-PG05 bound to CNE55 core gp120 revealed VRC-PG05 to recognize a 2,000 Å 2 epitope comprising mainly N-linked glycan with a relatively limited protein component (Figure 2A) . Glycans contributed over 85% of the VRC-PG05 epitope on gp120, with glycans 262, 295, and 448 (based on HXB2 numbering) providing 35%, 14%, and 39%, respectively, of the binding surface ( Figure 2B and Table S5 ). The protein component of the VRC-PG05 epitope derived from residues at the end of the a2-helix as well as on two neighboring b strands, primarily Val292 and Glu293 from strand b12, and Leu446 and Ser447 from strand b22. Altogether, protein interactions provided 12% (250 Å 2 ) of the epitope on HIV-1 gp120. VRC-PG05 recognition of HIV-1 gp120 was mediated primarily by its 17-residue CDR H3 and 17-residue CDR L1, which provided $60% of the paratope surface area. CDR H3 and CDR L1 associated structurally to form a penetrating wedge that reached into a 25 Å -deep glycan pocket formed by N-linked glycans Asn262, 295, and 448 ( Figure 2C and Table S5 ). The tips of CDR H3 and CDR L1 contacted gp120 residues Glu293, Leu446, and Ser447 ( Figure 2C ). The heavy chain made extensive contacts with the glycan at Asn262; both heavy and light chains were involved in contacting glycans at Asn295 and Asn448. Figure S1 and Tables S1-S3.
The penetrating wedge formed by CDRs L1 and H3 was reminiscent of the double loop recognition employed by PGT135 (Kong et al., 2013) and VRC38 (Cale et al., 2017) ; for PGT135, CDRs H1 and H3 were involved, and for VRC38, CDRs L1 and H3 were involved, the same CDRs as VRC-PG05. Altogether, the crystal structure of VRC-PG05 with gp120 revealed a glycan-dominated epitope, opposite the CD4-binding face, comprising primarily a cluster of glycans with a limited amount of protein surface.
Crystal Structure of VRC-PG05 with gp120 Explains Glycan Recognition in Atomic Detail Electron density in the refined structure was well defined for several N-linked glycans contacted by VRC-PG05 including a fully ordered GlcNAc 2 Man 9 at Asn262, core GlcNAc 2 Man 3 residues at Asn295, and GlcNAc 2 Man 7 residues at Asn448 (these N-linked glycans are hereafter referred to by their Asn [N] residue number) ( Figure 2D ). Glycan N262 provided 35% of the epitope surface and interacted exclusively with the VRC-PG05 heavy chain ( Figure 3A , left and Table S6 ). Its D2 and D3 branches interacted with CDRs H1 and H3 primarily through hydrogen bonds involving residues Arg94 H (for clarity, antibody residues are displayed with a subscript defining the subunit, H for the heavy chain, L for the light chain), Arg96 H and Gln97 H in CDR H3, as well as Arg31 H and Asp32 H in CDR H1 (Table S7) . Meanwhile, Trp100D H inserted into a groove between the acetamido group of GlcNAc 2 and MAN 4 ' of glycan N262, hydrogen bonding Figure S2 and Table S4. with the former and stacking with the latter. This interaction was consistent with nuclear magnetic resonance (NMR) experiments that revealed direct binding of VRC-PG05 to GlcNAc 2 core disaccharides ( Figure S3B ).
Glycan N295 resided next to glycan N262 in the epitope and was contacted mainly through its GlcNAc and D1 mannose residues by both heavy and light chains of VRC-PG05 ( Figures 2D, 3A , middle and Table S6 ). Hydrogen bonds were formed between Ser56 L and Arg96 H with MAN 4 and MAN-C of the D1 arm, respectively (Table S7) .
Glycan N448 provided 39% of the epitope surface and was recognized by the heavy and light chain interface of VRC-PG05 ( Figure 2D and Table S6 ). The aromatic ring of Tyr100A H in the CDR H3 stacked with GlcNAc 2 of glycan 448, while Gln100C H and light chain Tyr27D L embraced GlcNAc residues in the protein-proximal base from two sides ( Figure 3A, (Table S7) .
To confirm the findings revealed by structural analysis, we performed surface plasmon resonance (SPR) studies on the binding of VRC-PG05 to fully glycosylated and deglycosylated HIV-1 gp120s. Deglycosylation of HXB2 gp120 by Endo-H treatment ablated VRC-PG05 binding, corroborating the glycan requirement for VRC-PG05 recognition of HIV-1 gp120 ( Figure 3B ). We tested requirements for glycan processing by assessing neutralization of AC10.29 virus grown in the presence of kifunensine, which leaves most glycans as Man 9 ; no difference in neutralization by VRC-PG05 was observed, while kifunensinetreated virus was resistant to neutralization by antibodies PG9 and PG16 ( Figure S3C ). We also tested the binding of VRC-PG05 on glycan arrays ( Figure S3D ). While we did not observe VRC-PG05 binding under standard conditions to NHS (Nexterion H, SCHOTT) microarray slides coated with 40 N-glycans, when assessed at higher ionic strength (103 PBS) (Chen et al., 2017) , VRC-PG05 exhibited specific binding to Man 9 (#6 glycan) ( Figure S3E ). Specific Man 9 -binding by VRC-PG05 was confirmed with higher-density ACG (aluminum oxidecoated glass) slides in 13 PBS ( Figure S3F ). Lastly, we screened 13 mutants of the AC10.29 Env for changes in gp120 binding and virus neutralization, removing one or two putative N-linked glycosylation sites (PNGS) at a time (note that strain AC10.29 lacks glycan N295 but still binds VRC-PG05). We observed that the alteration of PNGS for either 262 or 448 resulted in complete loss of VRC-PG05 binding ( Figure 3C ) and neutralization activity ( Figure 3D ), validating VRC-PG05 reliance on both N262 and N448 glycans for viral recognition. Overall, structural analysis revealed VRC-PG05 to recognize a cluster of glycans See also Figure S3 and Tables S5-S7. on HIV-1 gp120 through extensive hydrogen bonding as well as stacking interactions by aromatic residues, with deglycosylation, mutational analysis, and glycan array binding analysis confirming the critical nature of VRC-PG05 glycan recognition.
VRC-PG05 Uniquely Targets Glycan N262 at the ''Silent Face'' Center Structural analysis of broadly neutralizing antibodies from HIV-1-infected donors has defined a number of major sites of vulnerability to neutralizing antibodies; when mapped to the prefusion closed form of the HIV-1 Env trimer, known epitopes of broadly neutralizing antibodies have been observed to cover most of the exposed trimer surface ( Figure 4A ). The central portion of the previously described ''silent face'' on the highly glycosylated outer domain of gp120 , however, has been devoid of antibody recognition. When the VRC-PG05-gp120 complex structure was superposed onto the outer domain of the BG505 SOSIP trimer (PDB: 4TVP) (Pancera et al., 2014) in its prefusion state (root-mean-square deviation [rmsd] of 0.89 Å , for all outer domain Ca atoms), the epitope of VRC-PG05 was located at the center of the silent face ( Figure 4B ). To understand the exclusivity of VRC-PG05 recognition, we compared the epitope recognized by VRC-PG05 with the epitopes recognized by neighboring broadly neutralizing antibodies. Antibodies 2G12, PGT121, PGT128, and other glycan-V3-directed antibodies contact an array of glycans on the gp120 outer domain that include N295, N301, N332, N339, and N392. Antibodies 35O22, PGT151, VRC34, and other gp120-gp41 interface-directed antibodies contact glycans N241, N448, N611, and N637 in the stem region of the HIV-1 Env trimer. Glycans N295 and N448 did interact with previously identified antibodies; however, glycan N262 interacted on its periphery only with PGT151 with about 13 Å 2 or $0.5% of its buried epitope surface and with antibody IOMA which binds to one gp120 protomer at the CD4-binding site and interacts with glycan N262 on the facing gp120 protomer (Figures 4C, 4D, and S4; Gristick et al., 2016) . VRC-PG05 was thus the only antibody to substantially recognize glycan N262 at the center of the silent face with 739 Å 2 buried epitope surface.
In terms of overall glycan content, the VRC-PG05 epitope was second only to antibody 2G12, which recognizes a cluster of glycans, with no polypeptide recognition ( Figure 4E ; Calarese et al., 2003) . Thus, VRC-PG05 recognized the silent face of HIV-1 Env, binding to an epitope that is one of the most glycan rich among all HIV-1-neutralizing antibodies characterized to date.
VRC-PG05 Interferes with Env Transitions Related to Entry
To understand the mechanism of neutralization by VRC-PG05, we analyzed the compatibility of VRC-PG05 binding to known prefusion states of Env as well as the compatibility of VRC-PG05 binding with that of the CD4 receptor. The prefusion HIV-1 Env trimer spontaneously samples at least three conformational states (Munro et al., 2014) , but Protein Data Bank (PDB) coordinates are available for only two conformations: a prefusion closed conformation (PDB: 4TVP and others) ) and a three CD4-bound, co-receptor analog-bound conformation (PDB: 5VN3 and 5THR) Wang et al., 2016) .
In the prior section, we computationally superimposed our structure of VRC-PG05 bound to core gp120 with the prefusion closed structure (PDB: 4TVP). To visualize experimentally the recognition of VRC-PG05 in trimer context, we carried out negative-stain EM characterization of VRC-PG05 bound to a SOSIP Env trimer, derived from strain AC10.29 ( Figures 5A and S5) . We observed VRC-PG05 to bind to its computationally identified location, but unexpectedly EM-class averages indicated the stoichiometry of the interaction to often be two (sometimes, one or three) VRC-PG05 Fabs for each trimer. This stoichiometry was reminiscent of PGT151 (Blattner et al., 2014) , which binds with two Fabs per trimer and might be related to protomer asymmetry, as suggested by molecular dynamics simulations of the entire trimer (Lemmin et al., 2017) . Relevant to the VRC-PG05 neutralization mechanism, such a stoichiometry might allow a single CD4 (Kwon et al., 2015; Liu et al., 2017) to bind to a two VRC-PG05-bound trimer, suggesting that VRC-PG05 may not ablate the initial interaction between Env trimer and CD4. In terms of subsequent functional interactions, we superposed the VRC-PG05-gp120 complex structure onto the outer domain of HIV-1 Env trimer in the three CD4-bound prefusion conformation. There are several CD4-bound conformations defined in the PDB, ranging in definition from a $20 Å tomogram of the CD4-bound Env in the context of a BAL virion (Liu et al., 2008) , to an 8 Å reconstruction of the CD4-bound, 8ANC195-bound trimer (Wang et al., 2016) , to a 3.8 Å reconstruction of the CD4-bound, 17b-bound trimer . We used the latter higher-resolution structure, with an outer domain superposition with PDB: 5VN3, yielding an rmsd of 1.1 Å , for all outer-domain Ca-atoms. A clash occurred between the heavy chain variable domain of VRC-PG05 and the CD4-induced bridging sheet in gp120 of a neighboring protomer ( Figure 5B ). These results suggested the binding of VRC-PG05 to interfere with Env conformational changes required to transition into the three CD4-bound conformation.
Somatic Hypermutation Enhances VRC-PG05 Recognition of Glycan
To provide insight into the clonal expansion of the VRC-PG05 antibody, we amplified and sequenced immunoglobulin transcripts by next-generation sequencing (NGS) from IAVIdonor #74 bulk PBMCs, using the same time point as we used to isolate VRC-PG05. With 454-pyrosequencing, we generated 122,514 heavy chain reads, none of which showed more than 90% identity at the nucleotide level to the VRC-PG05 heavy chain-variable domain sequence ( Figure S6A , left). We therefore used Illumina MiSeq to generate a greater number of reads, with 357,357 reads of the IGHV3 gene family alone, to reveal an island of 18 reads with over 90% identity to the VRC-PG05 heavy chain-variable domain sequence in an identity-divergence plot (Figure S6A, right; Wu et al., 2011) . Similarly, we did not find VRC-PG05 light chain reads by left) but by MiSeq identified an island of 6 reads with more than 90% identity to the VRC-PG05 light chain (Figure S6B, right) . MiSeq reads of high identity to VRC-PG05 could be further arranged into a phylogenetic tree with inferred intermediates ( Figure S6C ). Overall, NGS identified three heavy chain and five light chain somatic variants of VRC-PG05 ( Figure S6C) .
Analysis of the VRC-PG05 paratope indicated 45% of the paratope surface to involve V-gene regions of the heavy and light chains and 55% of the paratope surface to be contributed by the CDR3 regions of heavy and light chains. All three of the CDRs as well as the N terminus were observed to contribute to the paratope, for both heavy and light chains ( Figure 6A) . Notably, many of the paratope residues were altered by SHM ( Figure 6B ), suggesting the requirement of SHM for recognition. Analysis of V-gene-reverted VRC-PG05 indicated loss of binding and neutralization in the absence of SHM ( Figure S6D ).
Antibody SHM primarily modified glycan-interacting residues ( Figure S6E ), consistent with glycans comprising a dominant portion of the epitope, with clear contributions by SHM observed for residues in both the heavy and light chains ( Figure 6C ); for example, Ser31 H evolved to an Arg residue to provide hydrogen bonding to moieties of glycan N262, and several prolines either stabilized glycan-interacting residues or directly interacted with glycan. It was also notable that several germline tyrosine residues in both heavy chain and light chain were mutated to hydrophilic residues with less bulky side chains, which enabled hydrogen bonds and reduced glycan clashes. Overall, genetic analysis of VRC-PG05 revealed moderate levels of SHM that appeared to be critical for glycan recognition, with SHM occurring preferentially at glycan-recognizing residues.
HIV in Donor #74 Evolved Resistance to VRC-PG05 through Two Mechanisms To provide insight into the development of neutralization resistance to antibody VRC-PG05, we used a neutralization-based epitope prediction algorithm to identify additional residues in the VRC-PG05 epitope. Briefly, a subset of 171-Env isolates tested for VRC-PG05 neutralization was utilized to compute a mutual information score between the sequence variation for each gp120 residue position and the observed changes in neutralization sensitivity. Residue positions were ranked based on their mutual information scores, with higher scores indicating that the respective residue positions may be associated with neutralization sensitivity. The highestranked residue position was observed to be at residue 293 ( Figure 7A ).
We analyzed residue 293 for amino acid-specific patterns of resistance. Specifically, the per-residue contribution to the mutual information score for the given position was computed for each amino acid type (as well as for gaps in the sequence alignment, D) and plotted as positive if the major contribution was found in sensitive strains (indicating a preference for the respective amino acid type in sensitive strains) or negative otherwise (indicating a preference for the respective amino acid type in resistance strains). A glutamic acid was observed to provide the highest per-residue score for position 293 ( Figure 7B ), with molecular modeling at this position indicating Glu293 to be at the nexus between CDR L1 and CDR H3 of VRC-PG05 and to interact with glycan N448 though a water-mediated contact (Figure 7C) . To provide experimental confirmation of the impact of Glu293 alterations, we measured the binding to gp120 and neutralization sensitivity to VRC-PG05 for two viral strains, AC10.29 and 928-28. Alteration of Glu293 to Asn, Lys, or Ala in each of these gp120 strains was observed to substantially reduce VRC-PG05 recognition ( Figure 7D ). We also tested reversal mutation from Gln293 to Glu in VRC-PG05-resistant strain BG505 and observed the Gln293Glu mutation to restore binding of VRC-PG05 to BG505 SOSIP trimer ( Figures 7E  and S7A ).
To place these mutational results into the context of IAVIdonor #74, we carried out single-genome amplification (SGA) analysis of viral env sequences from the genomic DNA of the PBMC sample used for NGS of immunoglobulin transcripts. A total of 47 env sequences were obtained, all with an intact N262 glycosylation site. Of the 47 sequences, 26 contained a shift in glycan from N448 to N446; for 19 of these sequences, Glu293 was maintained, and for the other 7 sequences, Glu293 was mutated to Ala ( Figure 7F ). For the 21 sequences retaining glycan N448, 18 had a mutation to Ala or Gly at residue 293, and only 3 envs (74_08dA13, 74_08dA16, and 74_08dB31) maintained Glu293.
We cloned and tested 8 representative Envs for neutralization by VRC-PG05, including 74_08dA13, 74_08dA16, and 74_08dB31 that contained intact N262, E293, and N448 sites. As expected, six tested Env clones were highly resistant to VRC-PG05 neutralization, and 74_08dA13 and 74_08dB31 were neutralized by VRC-PG05 with IC 50 of 21.7 and 15.5 mg/mL, respectively ( Figure S7B ). Thus, virus present in IAVI-donor #74 appeared to either shift glycan-N448 or to mutate Glu293 as the dominant means to escape neutralization by VRC-PG05, with sensitive strains clustering at the root of the phylogenetic tree ( Figure 7F ), consistent with the development of resistance. Sequence frequency analysis indicated that glycan N262 is one of the most conserved glycans on HIV-1 Env (99.5% conserved) and that glycan N448 is less conserved (87.2% conserved) (Figures S7C and S7D) . Therefore, resistance to VRC-PG05 arose mainly by altering glycan N448 or its interacting neighbor Glu293. (C) Representative mutations that facilitate recognition of glycans. Model of germline VRC-PG05 (gray) was superposed with the structure of gp120-bound VRC-PG05 shown with the same color scheme as in Figure 2 . Nearby glycans are shown in sticks representation in green with hydrogen bonds connected by dashed lines. Potential clashes between glycans and germline residues are marked with a red collision symbol. Direct interactions with glycan are shown in all cases, except for Pro28, which stabilizes the aliphatic base of the glycan-interacting Arg31. See also Figure S6 and Tables S5-S7. (F) Development of VRC-PG05 resistance in IAVI donor #74. A neighbor-joining tree is shown for donor #74-derived gp160 nucleotide sequences, along with the amino acid sequences indicated to the right for residues 262, 293, and 448, which were identified as critical contacts with VRC-PG05. Env clones marked with closed square were tested for neutralization sensitivity to VRC-PG05. See also Figure S7 .
DISCUSSION
Identification of neutralizing antibodies and structural definition of their epitopes on the HIV-1 Env glycoproteins, gp120 and gp41, is transforming our understanding of the ability of the immune system to recognize highly glycosylated antigens. The antigenic structure of gp120 has initially defined a neutralizing face that overlapped receptor binding regions, a non-neutralizing face that was occluded in the functional trimer, and a silent face that was highly glycosylated and did not appear to be recognized by most antibodies . In the ensuing 20 years, antibodies have been identified that bind to much of the exposed surface of the HIV-1 Env trimer (Burton and Mascola, 2015) ; however, the center of the silent face has been devoid of antibody recognition. Here, we identified antibody VRC-PG05, which recognized glycans N262, N295, and N448 at the center of the silent face.
Although VRC-PG05 recognition of glycan N295 was observed in the co-crystal structure, VRC-PG05 recognized strains such as AC10.29, missing this glycan; the absence of glycans at N262 or N448, however, ablated VRC-PG05 recognition. As one of the most conserved glycans on HIV-1 Env, glycan N262 is indispensable for proper Env function (Franç ois and Balzarini, 2011) and devoid of most glycan processing Zhou et al., 2017) . The crystal structure of a fully glycosylated gp120 indicates glycan N262 to be uniquely ordered at a hydrophobic groove between inner and outer domain (Kong et al., 2015) , with glycosylated trimer structures indicating glycan N262 to play a critical functional role in the CD4-induced transition to the prefusion open form of the trimer Lee et al., 2016; Ozorowski et al., 2017; Stewart-Jones et al., 2016) . By contrast, glycan N448 is less conserved and not critical for function. Therefore, HIV-1 escaped VRC-PG05 by altering glycan N448 or its interacting neighbor Glu293.
With the highly conserved glycans N262 and N448 dominating the VRC-PG05 epitope, why did VRC-PG05 not have broader recognition? We used data from the 208-isolate panel to perform sensitivity analysis on VRC-PG05. Our analysis identified residues Ser291 (61.5% conserved) and Glu293 (51.0%) as being required for neutralization sensitivity. Other positions, such as 362 and 375 at the CD4-binding site, though at the opposite side of the VRC-PG05 epitope, were also associated with sensitivity to VRC-PG05, echoing the observation that the D371 mutation at the CD4-binding site of DRSC3 reduced its affinity to VRC-PG05 binding. Of the total 220 isolates tested, 160 were resistant to VRC-PG05; among them, 102 mutated Glu293, accounting for 64% of VRC-PG05 resistance, and 11 of these also mutated or shifted N448 glycosylation site, thus exploiting both resistance mechanisms. Of the 58 strains with Glu293, 17 mutated or shifted N448 glycosylation site. Together, 119 (74%) VRC-PG05 resistant strains lacked Glu293 and/or N448 glycosylation site. Overall, the recognition and neutralization by VRC-PG05 requiring two glycans and a small protein surface of HIV-1 Env was reminiscent of other HIV-1-neutralizing antibodies with glycopeptide epitopes that pierce the HIV-1 glycan shield (Blattner et al., 2014; Julien et al., 2013; Kong et al., 2013 Kong et al., , 2016 McLellan et al., 2011; Pancera et al., 2014; Pejchal et al., 2011) .
In summary, we identified an antibody that bound to an epitope at the center of the HIV-1 silent face. A need to escape from silent-face-recognizing antibodies like VRC-PG05 might explain both the substantial diversity of as well as the selective pressure detected for residues at the silent face. We recently observed HIV-1-neutralizing antibodies to recognize preferentially the interface between glycan microdomains (Lemmin et al., 2017) ; glycans recognized by VRC-PG05 (N262, N295, and N448), however, were all part of a single stable glycan microdomain, a less prevalent mode of antibody recognition. Nevertheless, the levels of VRC-PG05 somatic hypermutation at 9% for IGHV and 6% for IGKV were among the lowest observed for HIV-1-neutralizing antibodies isolated from adults and were comparable to a broadly neutralizing antibody BF520.1 isolated from an infected infant at $15 months of age (Simonich et al., 2016) . Additionally, VRC-PG05 had a 17-residue CDR H3 and an 8-residue CDR L3, which are common in the human antibody repertoire. These normal levels of SHM and CDR3 length suggest that these features do not present barriers to elicitation, as they do for many other HIV-1 broadly neutralizing antibodies. Overall, the recognition of the center of the silent face by VRC-PG05 demonstrated the ability of the human immune system to generate neutralizing antibodies that recognize all major surfaces of the HIV-1 Env trimer.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell lines
Human Embryonic Kidney (HEK) 293 cell line, of which the sex is female, is the parental cell for HEK293T/17, HEK293S GnTI-and Expi293F cell lines. HEK293T/17 and HEK293S GnTI-were obtained from ATCC and maintained as adherent cells in complete DMEM medium at 37 C. HEK293T/17 is highly transfectable and contains SV40 T-antigen. HEK293S GnTI-cells are transformed with adenovirus 5 DNA and lack N-acetyl-glucosaminyltransferase I (GnTI) activity, thus rendering them unable to produce complex-type N-glycans. Expi293F was obtained from Thermo Fisher and adapted to suspension culture in Expi293 Expression Medium at 37 C. TZM-bl, of which the sex is female, was obtained from the NIH AIDS Reagent Program and maintained as adherent cells in complete DMEM medium at 37 C. TZM-bl is a HeLa cell line that expresses CD4 receptor and CXCR4 and CCR5 chemokine co-receptors; the cell line also expresses luciferase and b-galactosidase under the control of the HIV-1 promoter, hence is useful to assay in-vitro HIV-1 infection.
Patient samples
The peripheral blood mononuclear cells (PBMCs) of the HIV-1 infected donor #74 were from the International AIDS Vaccine Initiative (IAVI) Protocol G as described (Walker et al., 2010; Wu et al., 2011) . The same sample was used to isolate the broadly neutralizing antibodies VRC-PG04 and VRC-PG04b (Wu et al., 2011) . Human peripheral blood samples were collected after obtaining informed consent and appropriate Institutional Review Board (IRB) approval.
METHOD DETAILS
Antibodies, plasmids, protein expression and purification The anti-CD4bs mAbs b12, HJ16, VRC01 and VRC-PG04 were described (Burton et al., 1994; Corti et al., 2010; Wu et al., 2010; Wu et al., 2011) . The anti-gp120 glycan mAb 2G12 was purchased from Polymun Scientific Inc. (Vienna, Austria). The mAb 17b, directed to the co-receptor region of gp120, was provided by James Robinson (Tulane University). VRC-PG05 and other antibody sequences were synthesized and cloned into the CMV/R expression vectors containing the constant regions of IgG1. Full-length IgGs were expressed by transient transfection of Expi293F cells and purified using a recombinant protein-A column (GE Healthcare). The antigen binding fragment (Fab) of IgG was prepared by Endoproteinase LysC digestion and purified first by removing the uncleaved IgG and constant fragment (Fc) bound to protein-A column and then by collecting the flowthrough containing Fab for size-exclusion column Superdex S200 (Zhou et al., 2010) . The CD4-Ig plasmid construct was provided by Joseph Sodroski (Dana Farber Cancer Institute) and the fusion protein was expressed by transient transfection of Expi293F cells and purified with protein-A column. The RSC3 and DRSC3 probes were described . HIV-1 gp120 core, AC10.29 gp120, AC10.29.SOSIP and BG505.SOSIP were expressed by transient transfection of Expi293F cells and purified with gp120 antibody-affinity columns (17b for gp120 core and 2G12 or VRC01 for SOSIP), or via His-tag with HisTalon gravity column (for AC10.29 gp120) (Jia et al., 2016; Pancera et al., 2014; Zhou et al., 2010) .
Fluorescence activated cell sorting (FACS) RSC3+DRSC3-single B cell sorting using the IAVI donor #74 PBMCs from 02/05/2008 was described (Wu et al., 2011) . Antibody VRC-PG05 was isolated from the same batch of sorted B cells as those from which antibodies VRC-PG04 and VRC-PG04b were isolated.
Single B cell RT-PCR and cloning As described previously (Wu et al., 2011) , the variable region of VRC-PG05 heavy and light chains was recovered from single B cell deposited into 96-well microplate by reverse transcription (RT) followed by nested PCR. The PCR amplicons were sequenced and then cloned into the CMV/R expression vectors. The full length IgG1 was expressed by transient transfection of Expi293F cells and purified with protein-A column. The IgG heavy and light chain nucleotide sequences of the variable region were analyzed with IMGT/V-Quest (http://www.imgt.org/IMGT_vquest/vquest). We follow the Kabat (Kabat et al., 1991) nomenclature for antibody amino acid sequences.
Enzyme-linked immunosorbent assay (ELISA) As previously described Wu et al., 2011) plates were coated with antigens at 2 mg/ml, or coated with 1 mg/ml of sheep anti-gp120 C5 antibody D7324 (AALTO Bio Reagents) to capture shed gp120 from AC10.29 Env-pseudovirus treated with 0.05% Triton X-100. After blocking with B3T buffer (150 mM NaCl, 50 mM Tris-HCl, 1 mM EDTA, 3.3% fetal bovine serum, 2% bovine albumin, 0.07% Tween 20) for 1 hour at 37 C, serially diluted antibodies were incubated for 1 hour at 37 C. Horseradish peroxidase (HRP)-conjugated goat anti-human IgG Fc antibody (Jackson ImmunoResearch Laboratories Inc., West Grove, PA) was added for 1 hour at 37 C. All volumes were 100 ml/well except 200 ml/well for blocking. Plates were washed between each step with 0.1% Tween 20 in PBS, developed with 3,3 0 ,5,5 0 -tetramethylbenzidine (TMB) (Kirkegaard & Perry Laboratories) and read at 450 nm. For competitive ELISA, after blocking with B3T buffer, serially diluted competitor antibodies or CD4-Ig were added in 50 mL of B3T buffer, followed by adding 50 mL of biotin-labeled VRC-PG05 at a fixed concentration of 100 ng/ml. After incubation at 37 C for 1 hour, 250 ng/ml of streptavidin-HRP (Sigma) was added at room temperature for 30 min. Plates were then developed with TMB.
Env-pseudovirus neutralization assay Antibody neutralization was assessed based on the single-round infection assay of TZM-bl cells with HIV-1 Env-pseudoviruses (Sarzotti-Kelsoe et al., 2014; Seaman et al., 2010) . Briefly, automated neutralization assays were performed with a panel of 208 HIV-1 Env-pseudoviruses, and 12 additional CRF01_AE strains were tested manually. Mutant viruses were generated by QuikChange mutagenesis kit (Agilent Technologies, Santa Clara, CA) or by GeneImmune Inc. (New York, NY) and manually tested along with the corresponding wild-type viruses. For manual tests, 50 mL of antibody-virus mixture was incubated at 37 C for 30-60 min in duplicate wells before the addition of TZM-bl cells. To keep assay conditions constant, sham medium was used in place of antibody in control wells. Infection levels were determined in 2 days with Bright-Glo luciferase assay system (Promega, Madison, WI). Neutralization curves were fitted to a 5-parameter nonlinear regression analysis programmed into JMP 5.1 statistical software (SAS Institute Inc., Cary, NC), or through Prism 6.0 (GraphPad Software, La Jolla, CA) or LabKey v16.1 (LabKey, Seattle, WA) (Piehler et al., 2011) . The antibody concentration or plasma reciprocal dilutions required to inhibit infection by 50% was reported as IC 50 or ID 50 . Neutralization sensitivity was also color-coded for each tested Env isolate in a dendrogram depicting the gp160 protein sequence distance. Briefly, the HIV-1 gp160 protein sequences of 208 isolates used in the neutralization assays were aligned using ClustalW in BioEdit (http://www.mbio.ncsu.edu/bioedit/bioedit.html). The aligned protein sequences were submitted to Protdist and Neighbor phylogenetic tree in BioEdit; the tree was displayed with Dendroscope (http://dendroscope.org) and then color-coded according to the neutralization sensitivity.
Neutralization fingerprinting analysis A virus panel of 21 diverse HIV-1 strains was used for the neutralization fingerprinting analysis of polyclonal antibody responses in HIV-infected individuals, where a neutralization fingerprint for an antibody or serum is defined as the potency-dependent pattern of neutralization of the given set of viruses . The same protocol was used previously for the set of CHAVI donors included here, with the addition of VRC-PG05 as an additional reference monoclonal antibody specificity.
Negative-stain EM For ternary complex between the antigen binding fragment of VRC-PG05, HIV-1 ZM109 CoreE gp120 and two-domain CD4, protein complex was purified by gel filtration and then diluted to about 0.01 mg/ml, adsorbed to freshly glow-discharged carbon-film grids for 15 s, washed with a buffer containing 20 mM HEPES, pH 7.5, and 150 mM NaCl, and stained with 0.7% uranyl formate, pH 5. Images were recorded on an FEI T20 microscope equipped with a 2k x 2k Eagle CCD camera at a pixel size of 0.22 nm and collected semiautomatically with SerialEM (Mastronarde, 2005) . Particles were picked automatically and manually using e2boxer from the EMAN2 software package (Tang et al., 2007) . Initial reference-free 2D class averages were obtained in EMAN2. Further 2D classification was performed using reference-free alignment and correspondence analysis in SPIDER (Shaikh et al., 2008) . For the VRC-PG05-AC10.29.SOSIP complex, samples were diluted to achieve a trimer concentration of approximately 0.02 mg/ml, adsorbed to freshly glow-discharged carbon-coated grids, rinsed with several drops of buffer containing 10 mM HEPES, pH 7.0, and 150 mM NaCl, and stained with 0.75% uranyl formate. Images were recorded. The defocus values ranged from À0.3 to À1.5 mm. Reference-free 2D classification and averaging were performed with EMAN2 (Tang et al., 2007) and Relion 1.4 (Scheres, 2012) . The datasets for HIV-1 ZM109 CoreE gp120 in complex with VRC-PG05 and for AC10.29 SOSIP in complex with VRC-PG05 contained 2,131 and 18,087 particles, respectively.
Crystallization and structure determination of the VRC-PG05 Fab in complex with HIV-1 gp120 The VRC-PG05 Fab and HIV-1 CNE55 CoreE gp120 were prepared as described . The gp120-antibody complexes were formed by mixing gp120 with the antibody Fab in a 1:2 molar ratio. Limited deglycosylation of the complex by Endoglycosidase H was carried out at room temperature for 16 hr with 10 units of enzyme per mg gp120 at pH 6.1. The complex was then purified by size exclusion chromatography (Hiload 26/60 Superdex S200 prep grade; GE Healthcare) with buffer containing 0.15 M NaCl and 5 mM HEPES (pH 7.5). Fractions with gp120-antibody complexes were concentrated to $10 mg/ml and used for crystallization experiments. Initial crystallization screening was performed with 576 conditions using a Cartesian Honeybee crystallization robot by the vapor diffusion method in sitting drops containing 0.1ml of protein and 0.1ml of reservoir solution at 20 C. Crystals were manually reproduced in hanging drops by mixing 0.50ml protein with 0.5ml reservoir solution containing 9.8% PEG 4000, 0.196 M Sodium acetate, 98 mM Tris/Cl -, pH 8.5 and 0.6% 1,6-hexanediol. Crystals were flash frozen in liquid nitrogen with 30% (v/v) ethylene glycol as a cryoprotectant.
Diffraction data for were collected with 1.0000Å X-ray at SER-CAT beamlines ID-22 (Advanced Photon Source, Argonne National Laboratory) and processed with the HKL2000 suite. Structures were solved by molecular replacement using PHASER, and iterative model building and refinement were carried out in COOT and PHENIX, respectively. A cross validation (Rfree) test set consisting of 5% of the data was used throughout the refinement processes.
Nuclear magnetic resonance (NMR)
NMR experiments were performed as described previously (Bewley and Shahzad-ul-Hussan, 2013; McLellan et al., 2011) at 300 K on a Bruker Avance 600 MHZ spectrometer equipped with a triple resonance cryoprobe. Briefly, fragments comprising high mannose glycans were purchased from V-Labs and included a(1-2)-and a(1-3)-mannobiose, a(1-3),a(1-6)-mannotriose, mannopentaose and chitobiose (GlcNAc2). NMR samples were prepared in 20 mM phosphate buffer, 50 mM NaCl, pH 6.8. Solutions of VRC-PG05 and each of the carbohydrates were lyophilized and subsequently dissolved in deuterium oxide to prepare the final NMR samples (250 mL) that contained 1.8 mM carbohydrate in the presence of 30 mM VRC-PG05 Fab.
1 H saturation transfer difference (STD) NMR experiments (Meyer and Peters, 2003) were performed by selectively irradiating protein resonances by applying a train of 50 ms Gaussian shaped radio frequency pulses separated by a 1 ms delay for a total saturation time of 1 s. For saturation transfer, the on resonance saturation pulses were applied at À1 ppm, and the off resonance saturation was applied at 40 ppm. Spectra were acquired with a spectral width of 10 ppm with the carrier set on residual water, with 1,000 scans and 16k complex points. Spectra were processed using the TopSpin software package (https://www.bruker.com/products/mr/nmr/nmr-software/nmr-software/topspin/ overview.html).
Surface plasmon resonance (SPR)
Binding affinities and kinetics of antibody to HIV-1 gp120 were assessed by SPR on a Biacore T-200 (GE Healthcare) at 25 C in the HBS-EP+ buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA and 0.05% surfactant P-20). To test effects of deglycosylation on VRC-PG05 binding to HIV-1 gp120, VRC-PG05 and VRC01 IgG was first captured at 300-400 response units to flow cells of a CM5 chip with immobilized anti-Human Fc antibody. Serial diluted glycosylated and deglycosylated HIV-1 HXB2 core gp120 solutions starting at 400 nM were flow through VRC-PG05 or VRC01 channel and reference channel without captured antibody for 180 s followed by a 300 s dissociation phase at 30 ml/min. The surface was regenerated by flowing 3M MgCl 2 solution for 30 s at a flow rate of 50 ml/min. Blank sensorgrams were obtained by injection of the same volume of HBS-EP+ buffer in place of antibody Fab solution. Sensorgrams of the concentration series were corrected with corresponding blank curves and fitted globally with Biacore T200 evaluation software using a 1:1 Langmuir model of binding.
Antibody-glycan binding microarray
All monovalent glycans were prepared in 10 mM concentration each and served as mother solutions, which are to be diluted with printing buffer to prepare working solution. Microarrays were prepared by printing (BioDot Cartesion Technologies) (Bewley and Shahzad-ul-Hussan, 2013 ) with robotic pin (SMP3: TeleChem International) deposition of $0.6 nL of 100 mM concentration of amine functionalized 40 N-glycans in printing buffer (300 mM Sodium phosphate, pH 8.5 with 0.01% Triton X-100) onto NHS-coated glass slides (Nexterion H, SCHOTT), whereas phosphonic acid functionalized 11 N-glycans printed with ethylene glycol/water (80:20, v/v) buffer on aluminum-oxide coated glass (ACG) slides (Blixt et al., 2004) . Printed slides were allowed to react in an atmosphere of 80% humidity for an hour followed by desiccation overnight. Individual glycan was spotted with three replicas. The well prepared slides were stored in humidity controlled dry box. For binding assay, ACG slide was used without blocking and NHS slide was blocked with Superblock (Thermo Fisher Scientific) for 1 hour and washed with 0.05% Tween 20 in PBS. Antibodies (25 mg/mL in BSA contained 103 PBS buffer, 3% w/v) were pre-complexed with Donkey Anti-Human IgG (Alexa Fluor647 conjugated, Jackson ImmunoResearch) in 1:1 ratio and incubated at 4 C for 30 min. The pre-complexed mixture was added to the glycan array and incubated at 4 C for overnight. The slides were washed sequentially with 0.05% Tween 20 in PBS and de-ionized water, spin dried for scanning with GenePix 4300A (Molecular Devices), and analyzed with GenePix Pro 7.0 (Molecular Devices). The image resolution was set to 5 mm per pixel. Spots were defined as circular features with maximum diameter of 100 mm. Total intensity of fluorescence were calculated and illustrated with Graphpad Prism 6.0. Error bars represent the average percentage error for all data points reported.
Bio-Layer Interferometry of VRC-PG05 binding to BG505.SOSIP trimer A forté Bio Octet Red384 instrument was used to measure binding of VRC-PG05 to BG505.SOSIP and its Q293E mutant. Assays were performed at 30 C in tilted black 384-well plates (Geiger Bio-One) in 13 PBS with 5% BSA with agitation set to 1,000 rpm. Antihuman IgG Fc capture biosensors were used to immobilize antibody IgG at 40 mg/ml for 150 s. BG505.SOSIP trimer binding was measured by dipping immobilized IgG into BG505.SOSIP protein solutions at 200 nM. Parallel correction to subtract systematic baseline drift was carried out by subtracting the measurements recorded for a loaded sensor dipped into 13 PBS. Neutralization-based residue-level prediction of antibody epitope A neutralization-based epitope prediction algorithm was used to identify residues that are key to the VRC-PG05 epitope, in addition to the known N262 and N448 glycans. Briefly, a subset of 171 Env isolates tested for VRC-PG05 neutralization was utilized to compute a mutual information score between the sequence variation for each gp120 residue position and the observed changes in neutralization sensitivity. Residue positions were ranked based on their mutual information scores, with higher scores indicating that the respective residue positions may be associated with neutralization sensitivity. The highest-ranked residue position, 293 (based on the HXB2 residue numbering), was analyzed further for amino acid-specific patterns of resistance. Specifically, the per-residue contribution to the mutual information score for the given position was computed for each amino acid type (as well as for gaps in the sequence alignment, D) and plotted as positive if the major contribution was found in sensitive strains (indicating a preference for the respective amino acid type in sensitive strains) or negative otherwise (indicating a preference for the respective amino acid type in resistance strains).
Next-generation sequencing (NGS) and data analysis As described (Wu et al., 2011) , AllPrep DNA/RNA mini kit (QIAGEN, Germantown, MD) was used to extract genomic DNA for HIV-1 env isolation (see below) from 20 million IAVI donor #74 PBMCs from 02/05/2008; the RNA fraction was processed for mRNA extraction using the Oligotex Direct mRNA Mini Kit (QIAGEN), and the mRNA was used for RT primed with oligo dT 12-18 (Invitrogen). The cDNA equivalent to 5 million PBMC transcripts was used as PCR template in a 50 mL reaction using the Phusion High-Fidelity DNA Polymerase system (Finnzymes). Forward primers were a pool of primers for Vh_all, kappa, and lambda as reported (DoriaRose et al., 2014) . Reverse primers were a mix of equal parts of 3 0 CgCH1, 3 0 CmCH1, 3 0 CK1, and 3 0 CL as reported (Doria-Rose et al., 2014) . The primers each contained the appropriate adaptor sequences (XLR-A or XLR-B) for 454 pyrosequencing. The PCRs were initiated at 98 C 30 s, then 25 cycles of 98 C 10 s, 58 C 30 s, and 72 C 30 s, followed by 72 C 10 min. The PCR product at the expected size ($500bp) was gel extracted (QIAGEN) and quantified using Qubit (Life Technologies, Carlsbad, CA). Library was prepared using the manufacturer's suggested methods and reagents for 454 pyrosequencing at the NIH Intramural Sequencing Center (NISC) and for Illumina MiSeq 2 3 300 bp paired-end at the Rockefeller University Genomics Resource Center.
The 454 and Miseq reads were processed as follows, with step (2) omitted for 454 reads: (1) Demultiplexing: reads were split into m, g, k, and l chains based on the reverse primers, allowing up to 3 bp mismatches. For 454 reads, because of decreasing quality at the end of the reads, the reverse primer sequences were not always recovered, and thus a 24 bp motif for each chain in the constant region upstream of the reverse primer was applied, i.e., for mu 5 0 GGGAGTGCATCCGCCCCAACCCTT3 0 , for gamma 5 0 GCCT CCACCAAGGGCCCATCGGTC3 0 , for kappa 5 0 AAACGAACTGTGGCTGCACCATCT3 0 , and for lambda 5 0 CAGCCCAAGGCYRMC CCCWCKGTC3 0 . (2) For MiSeq reads, an initial in-house IGBLAST (https://www.ncbi.nlm.nih.gov/projects/igblast/) was used to reject non-Ig reads with a V-gene bitscore < 75. The IGBLAST results were also used to orient reads for joining. After clipping poor quality bases (Qscore % 3) using NESONI Clip (www.vicbioinformatics.com), the paired-end reads were joined using SEQTK to R 10 bp overlap with R 90% identity, or to 9-19 bp overlap with R 80% identity. To rescue non-overlapping reads potentially due to long CDR3s, we concatenated non-overlapping reads using ILLUMINAPAIREDEND. (3) We next ran a second in-house IGBLAST on the joined or concatenated reads to infer the germline V-gene and calculate the V-gene SHM. Of the concatenated reads, we only retained those aligned to a germline V-gene with a gap, reasoning that these reads failed the overlapping criteria due to the gap but not poor quality or mispairing. Reads aligned to a V-gene with < 275 bp for mu and gamma, < 245 bp for kappa, and < 255 bp for lambda were removed. In addition we used the IMGT HighV-quest (http://www.imgt.org/IMGT_vquest/vquest) to identify CDR3. Reads with stop codons, missing the cysteine at the end of FR3, or without a recognizable CDR3 were removed. (4) Reads passing the steps above were examined for identity to VRC-PG05 heavy and light chain variable-region sequences using the stand-alone BLAST algorithms (https://blast.ncbi.nlm.nih.gov), with parameters from the Discontinuous MegaBLAST search. We required at least
